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We report a first-principles investigation of spin-dependent transport properties in two different graphene-based
molecular junctions. By applying different temperatures between two leads without bias voltage, spin-dependent
currents are driven which depend on reference temperature T , temperature gradient T , and gate voltage Vg .
Moreover, pure spin currents without charge currents can be obtained by adjusting T , T , and Vg for both
molecular junctions. The directions of pure spin currents in these two molecular junctions are opposite, which
can be understood by analyzing the transmission coefficients under equilibrium states. Spin thermopower, thermal
conductance, and the figure of merit as functions of T , Vg , and chemical potential μ were also investigated in
the linear response regime. Large spin thermopower and spin figure of merit can be obtained by adjusting Vg
and μ for each junction, which indicates proper application of spin caloritronic devices of our graphene-based
molecular junctions.
DOI: 10.1103/PhysRevB.93.195426
I. INTRODUCTION
The thermoelectric effect describes the direct conversion
from temperature difference to electric bias and vice versa.
It has received great attention in recent years with the
development of electronics and spintronics. Lots of works
have been carried out to explore the fundamental physics
and potential applications of thermoelectric phenomena [1–3].
With the size of electronic devices shrinking to the molecular
level, heat dissipation becomes aggravating due to high energy
consumption. It not only dramatically depresses efficiency
and performance of electronic devices, but also induces
enormous energy dissipation [4]. The thermoelectric effect
offers a viable solution to solve this critical problem by
transferring the dissipating heat to electric energy directly.
On the other hand, spintronics provides another type of
feasibility to reduce energy dissipation in nanoscale devices
by manipulating spin instead of charge [5,6]. Recently, a new
research field named spin caloritronics has emerged which
is based on the combination of thermoelectric effect and
spintronics [7,8]. Many investigations in this area indicated
that spin caloritronics is likely to be a feasible scheme to realize
low power consumption in nanoscale electronics [8–11].
Graphene is one of the most exciting materials today
due to its extraordinary physical and material properties.
It has received extensive attention since its fabrication in
2004 [12,13]. Due to outstanding thermal and electronic
performance, graphene has been recognized as one of the most
excellent candidates in device fabrication of spin caloritronics.
Many experimental and theoretical investigations have been
carried out to detect the thermally induced spin transport
properties in graphene [14–24]. Zuev et al. measured the
thermoelectric properties of mesoscopic graphene versus
gate voltage and explored the sign inversion behavior of
thermopower (Seebeck coefficient) at the charge neutrality
point [14]. Kim and co-workers deposited graphene on B-N
substrates to suppress the disorder and observed large ther-
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mopower [17]. The Seebeck coefficient and Nernst coefficient
were also detected in multiprobe graphene systems and both of
them show oscillating behaviors versus gate voltage [15,16].
Theoretically, many investigations focus on how to achieve
high efficiency of thermoelectric conversion. Rameshti et al.
investigated the charge and spin Seebeck effects in mag-
netic graphene and indicated that pure spin currents and
large spin figure of merits can be obtained by varying
the spin splitting, temperature, and doping of the junction
[18]. Thermally induced spin Seebeck effects in magnetic
zigzag graphene nanoribbons (ZGNRs) were investigated by
mean-field theory [19,20] and first-principles calculation [21].
Huge thermal magnetoresistances roughly equal to 104∼105
between nonmagnetic configuration and different magnetic
configurations were predicted. Some investigations indicated
that spin thermopower and figure of merit can be largely
increased by cutting graphene to be specific configurations,
such as sawtooth [22], nanowiggles [23], and rectangular
rings [24]. Spin-dependent Seebeck effects have also been
detected in other hexagonal honeycomb structures, such
as α-ZGNRs [25] and silicene nanoribbons [26]. Although
many investigations have been carried out to investigate
spin-dependent Seebeck effects in ZGNRs, few investigations
were focused on spin thermoelectric transport properties in
graphene-based magnetic molecular junctions. The purpose
of our investigation in this paper is to explore the quantum
physics in this aspect.
In this paper, we study the spin-dependent Seebeck ef-
fect in two different ZGNR-polyacetylene-ZGNR molecular
junctions using first-principles calculations. For each junction,
thermally induced spin-up current and spin-down current flow
in the opposite direction. By adjusting reference temperature,
temperature gradient, and gate voltage, pure spin current can
be obtained without charge current. In addition, the direction
of pure spin current in the first molecular junction is opposite
to that in the second molecular junction, which gives opposite
signs of spin Seebeck coefficients. By increasing the length
of polyacetylene chain and adjusting the gate voltage of both
junctions, large spin figures of merit can be obtained at specific
chemical potentials.
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The rest of the paper is organized as follows. In Sec. II,
the NEGF-DFT formalism [27] of calculating spin-resolved
electric and thermoelectric transport properties is introduced.
In Sec. III, the numerical results of spin-resolved transmission,
thermally induced spin current, spin thermopower, and spin
figure of merit are presented for two different graphene-based
molecular junctions. Finally, a summary is given in Sec. IV.
II. THEORETICAL FORMALISM
In this section, we briefly introduce the theoretical method
of spin-resolved electric and thermoelectric transport prop-
erties following the train of thought in Ref. [18]. According
to the Landauer-Bu¨ttiker formula within the single-electron
approximation, the spin-resolved electric current is given by
[28] (q = 1 and h = 2π at atomic unit)
Iσ = −q
h
∫ +∞
−∞
Tσ (E)[fL(TL,μL(TL))
− fR(TR,μR(TR))]dE. (1)
Tσ (E) is the spin-resolved transmission coefficient with σ = ↑
or ↓ indicating the spin index, which can be calculated by [29]
Tσ = Tr[LGrRGa]σσ . (2)
Here, Gr and Ga are retarded and advanced nonequilibrium
Green’s functions, respectively. L and R are the linewidth
functions which describe the coupling between leads and
scattering region and μα is the chemical potential of lead α.
For a spin-resolved system without spin-orbital interaction, it
is natural to treat the spin-up channel and spin-down channel
separately. fα = {1 + exp[(E − μα)/kBTα]}−1 is the Fermi
distribution function of lead α with α = L,R, where Tα is the
temperature of lead α and μα(Tα) is the temperature-dependent
chemical potential of lead α.
According to Eq. (1), once a temperature gradient T =
TR − TL is applied between two leads, fL − fR is no longer
zero and a spin-polarized current Iσ is generated with mag-
nitude depending on T and Tα . The charge current and the
spin current are naturally given by
Ich = I↑ + I↓,Isp = 2e (I↑ − I↓). (3)
Spin resolved thermopower measures the bias voltage V
needed to balance the spin-polarized electric current caused by
temperature gradient T . In the linear response regime where
|V |  Vα and |T |  Tα , spin-resolved thermopower and
thermal conductance can be obtained by [30]
Sσ (μ,T ) = − 1
eT
Kσ,1(μ,T )
Kσ,0(μ,T )
(4)
and
κσ (μ,T ) = 1
hT
[
Kσ,2(μ,T ) −
K2σ,1(μ,T )
Kσ,0(μ,T )
]
, (5)
where T = TL ≈ TR and μ = μL ≈ μR . Kσ,n(μ,T ) is defined
as
Kσ,n(μ,T ) = −
∫ +∞
−∞
(E − μ)n ∂f (E,μ,T )
∂E
Tσ (E)dE.
(6)
The figure of merit describes the thermoelectric conversion
efficiency of a material. For a magnetic system, the concept
of the figure of merit was generalized in spin caloritronics to
describe the conversion efficiency from heat to spin voltage
accompanied by a spin current. According to Ref. [18], the
charge figure of merit and spin figure of merit are defined as
Zch(sp)T =
S2ch(sp)Gch(sp)T
κ
. (7)
Here Gch = G↑ + G↓ and Gsp = |G↑ − G↓| are charge con-
ductance and spin conductance, respectively. Sch = (S↑ +
S↓)/2 and Ssp = S↑ − S↓ are charge thermopower and spin
thermopower, respectively. κ = κ↑ + κ↓ is charge thermal
conductance.
Note that Eq. (4) and Eq. (5) are only valid at small
temperature gradient and small bias voltage, where Sσ and
κσ are expressed as a function of transmission coefficient
Tσ . In addition, although Eq. (4) and Eq. (5) are derived
from the single-electron approximation where the many-body
interaction is not considered, the interaction effects are partly
included in the transmission coefficient Tσ where the Coulomb
potential is obtained self-consistently from first principles [27].
III. RESULTS AND DISCUSSION
Figures 1(a) and 1(b) show two schematic molecular
junctions in our investigation where a polyacetylene chain
with finite length N is sandwiched between two semi-
infinite ZGNRs by different connecting formations, which
are hereafter denoted as configuration I and configuration
II, respectively. In configuration I, a polyacetylene chain is
connected to the middle stretching carbon atomic rings of
ZGNRs, while it bridges the side carbon rings in configuration
II. As will be illustrated in the following, the small difference
of connecting formation in the two configurations produces
FIG. 1. Schematic structures of ZGNR-polyacetylene-ZGNR
molecular junctions where a polyacetylene chain is sandwiched
between two semi-infinite ZGNRs by different connecting formation
as illustrated in (a) and (b). In (a), a polyacetylene chain with length
N = 9 is connected to the middle stretching carbon atomic rings
of ZGNRs with width M = 4. In (b), a polyacetylene chain with
length N = 9 bridges the side carbon atomic rings of ZGNRs with
M = 4. ZGNRs are extended to the left and the right infinity which
are highlighted by blue color. A gate voltage is supplied in the region
of the polyacetylene chain which is also highlighted.
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opposite flowing direction of thermally induced spin current.
To keep the symmetry of structures, only the polyacetylene
chains with length equal to odd numbers (N = 7, 9, 11, 13)
are considered for both configurations. In our investigation,
we assume each ZGNR lead is in the ferromagnetic (FM) state
with parallel magnetic moments on both edges, because the
antiferromagnetic (AFM) formation of ZGNRs shows semi-
conducting behavior [31]. We also assume that the orientation
of the net magnetic moments in the left lead is parallel to that
in the right lead to obtain a nonzero transmission coefficient.
In addition, although the AFM formation of ZGNRs is more
stable [32], FM formation is also easily realized by external
magnetic field considering the slight difference of energy
per edge atom ∼2 meV between FM state and AFM state
[33].
The geometric optimization and spin electronic transport
investigation are implemented using the first-principles pack-
age NanoDcal [34], which is based on the state-of-the-art
NEGF-DFT method [27]. In our calculation, norm-conserving
pseudopotentials are used to define atomic cores [35] and
exchange correlation is treated at the LSDA level [36]. A
conjugate gradient method is used to achieve total-energy
minimization until the residual force on each atom is less than
0.05 eV/ ˚A. A single-zeta basis set is employed to solve the
Kohn-Sham equation self-consistently until the convergence
criterion of energy is less than 10−5 a.u. [37]. Finally, the
Hamiltonian including all the interactions of the system as
well as the effect of external fields is obtained.
In the following, we present the numerical results from first
principles about the spin-resolved electric and thermal electric
transport behaviors of both configurations.
A. Spin-resolved electric transport
In this section, we report the spin-resolved electric transport
behaviors for both configurations. Figure 2 shows the spin-
resolved transmission coefficient Tσ as a function of energy E
under zero bias voltage and zero gate voltage, where panel (a)
and panel (b) are for configuration I and panel (c) and panel (d)
are for configuration II. For each panel, molecular junctions
with different length N of polyacetylene chains show similar
behaviors of Tσ . For configuration I, two peaks of transmission
coefficients appear in the energy window from −0.5 eV to
0.5 eV for both spin-up and spin-down channels. The peaks of
T↑ [see panel (a)] and T↓ [see panel (b)] are roughly symmetric
with respect to the Fermi level EF . To understand the behavior
of Tσ , we plotted the spin-resolved density of states (DOS) of
the ZGNR in Fig. 2(a) and Fig. 2(b) as indicated by the filled
areas. It is found that the left sharp peak of T↑ and the right
sharp peak of T↓ have large overlap with the spin-resolved
edge states of the ZGNR. Further investigation indicates that
these two peaks are not shifted by gate voltage applied in
the molecular region. This means that the two peaks of Tσ
are mostly contributed by the spin-resolved edge states of the
ZGNR. Similar properties can be found for configuration II as
shown in Fig. 2(c) and Fig. 2(d), where two sharp peaks of T↑
and T↓ appear at E ≈ ±0.3 eV which correspond well with
the spin-resolved edge states of the ZGNR.
The broad peaks of Tσ near the Fermi level shown in each
panel of Fig. 2 can be understood by analyzing the spin-
resolved real-space charge distribution of both configurations.
Figures 3(a) and 3(b) show the net magnetic moment (number
of spin-up electrons minus the number of spin-down electrons)
summed in the x-y plane versus the z direction, where the red
FIG. 2. (a) T↑ and (b) T↓ for configuration I with N = 7, 9, 11, 13. (c) T↑ and (d) T↓ for configuration II with N = 7, 9, 11, 13. The red
filled areas in (a) and (c) indicate the spin-up edge state of ZGNR, and the blue filled areas in (b) and (d) indicate the spin-down edge state of
ZGNR. The vertical green lines in each panel indicate the Fermi level EF = 0.
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FIG. 3. (a), (b) Configurations and net magnetic moment summed
in x-y plane versus z direction for (a) configuration I and (b)
configuration II. The red areas and the blue areas in (a) and
(b) correspond to positive and negative net magnetic moments,
respectively. (c), (d) Spin-up DOS (red curves) and spin-down DOS
(blue curves) versus energy of reconfigured isolated polyacetylene
chain for (c) configuration I and (d) configuration II. The red filled
areas and the blue filled areas in (c) and (d) indicate the spin-up and
spin-down DOS of the ZGNR, respectively.
area and the blue area correspond to positive and negative net
magnetic moments, respectively. For configuration I, the net
magnetic moment on polyacetylene chain is negative, which is
opposite to that on ZGNRs, while for configuration II, the net
magnetic moment on the polyacetylene chain is positive, which
is the same as that on ZGNRs. It is the opposite orientations
of the net magnetic moment on polyacetylene chains that
determines the different behaviors of Tσ of configuration I
and configuration II.
To further confirm this view, we plotted the spin-resolved
DOS of a reconfigured isolated polyacetylene chain in Fig. 3(c)
and Fig. 3(d) for configuration I and configuration II, respec-
tively, where the DOS of the system is projected onto the
polyacetylene chain. As a comparison, the spin-resolved DOS
of the ZGNR is also shown by filled areas. For configuration
I, the peak energy of the spin-up DOS of the polyacetylene
chain is above the Fermi level, while the peak energy of
the spin-down DOS of the polyacetylene chain is below the
Fermi level, which are reversed compared to those of the
ZGNR because of the opposite orientations of net magnetic
moment on polyacetylene chain and ZGNRs. The peaks of the
spin-resolved DOS of a polyacetylene chain correspond well
to the broad peaks of Tσ near the Fermi level as shown in
Fig. 2(a) and Fig. 2(b). Furthermore, renormalized molecular
levels (RMLs) of polyacetylene chains are greatly affected by
the presence of ZGNR leads, where the corresponding part of
the Hamiltonian matrix of the system is cut out to describe the
isolated polyacetylene chains. By projecting the DOS of the
reconfigured polyacetylene chain onto the molecular levels, we
further conclude that the peaks of the spin-resolved DOS near
the Fermi level are mostly contributed by the renormalized
HOMO states. It is the spin-resolved HOMO states of
reconfigured polyacetylene chains that determine the fea-
tures of Tσ near the Fermi level. For configuration II, the peak
of the spin-up DOS is below the Fermi level, while the peak
of the spin-down DOS is above the Fermi level as shown
in Fig. 3(d), which shows consistent behaviors with DOS
of ZGNRs because of the same orientation of net magnetic
moment on polyacetylene chains and ZGNRs. Similarly, the
peaks of the DOS of reconfigured isolated polyacetylene
chains correspond well to the broad peaks of Tσ near the Fermi
level as shown in Fig. 2(c) and Fig. 2(d).
Electric transport properties can be modulated by applying
a gate voltage to the polyacetylene chain. In our numerical
calculation, a uniform electric field is applied in the molecular
region perpendicular to the ZGNR plane. The final effective
potential due to electric field (effect of gate voltage) is
determined self-consistently from first-principles calculations.
Figures 4(a) and 4(b) show T↑ and T↓, respectively, as
a function of energy E at different gate voltages Vg for
configuration I. With the increase of gate voltage from −8 V
to 8 V, the renormalized HOMO level of the polyacetylene
chain is pushed down to lower energy. Because the resonant
state of the transmission coefficient around the Fermi level is
dominated by the renormalized HOMO state, the peak of Tσ
shifts from the right side to the left side of EF . Similar gate
controlled properties of the transmission coefficient are also
found for configuration II as shown in Fig. 4(d) and Fig. 4(e).
To further investigate the gate-controlled behaviors of
the transmission coefficient, we plot the spin-resolved con-
ductance Gσ as functions of gate voltage for configuration
I in Fig. 4(c) and configuration II in Fig. 4(f). For both
configurations, Gσ increases first and then decreases as a
function of Vg for all the polyacetylene chains with different
length. Gσ can be tuned roughly from 1 to 0.1 (the unit is e2/h)
for configuration I and from 1 to 0.3 for configuration II, which
indicates that the gate efficiency of the former is higher than
that of the latter. For configuration I, G↑ reaches the maximum
value under a positive gate voltage, while G↓ reaches the
maximum value under a negative gate voltage. The tendency
of G↑ (G↓) as a function of Vg for configuration II is similar
to that of G↓ (G↑) for configuration I. This gate-controlled
behavior of Gσ is accordant with the information given by
Fig. 2.
B. Thermally induced current
In this section, we study the thermally induced spin-
resolved currents for configuration I and configuration II.
Because the length of the polyacetylene chain hardly changes
the electric transport behaviors for both configurations as
shown in Fig. 2, we only investigate the thermally driven spin
current for the structures with N = 9 for configuration I and
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FIG. 4. (a) T↑ and (b) T↓ as functions of energy under different gate voltage for configuration I with N = 9. (c) Gσ as a function of gate
voltage for configuration I. (d) T↑ and (e) T↓ as functions of energy under different gate voltage for configuration II with N = 7. (f) Gσ as a
function of gate voltage for configuration II. In (a), (b), (d), and (e), the vertical dashed lines indicate the Fermi level. In (c) and (f), the solid
symbol curves indicate G↑ and the open symbol curves indicate G↓.
N = 7 for configuration II. In our calculation, the chemical
potentials of both leads were shifted to zero initially when
temperature is equal to zero, i.e., μL = μR = 0. Theoretically,
μL and μR should be changed to keep charge conservation
with increasing of temperature [18]. However, we found that
the shift of chemical potential is only roughly 1 meV when
temperature is increased from zero to 200 K, which is too
small to influence the thermally induced current according to
Eq. (1). Therefore, we ignored the temperature influence of
the chemical potential in current calculations and always set
μL = μR = μ.
When a temperature gradient T is applied between the
left lead and the right lead, fL(T ) − fR(T + T ) is no
longer equal to zero and shows inverse symmetric behaviors
around chemical potential μ. For a given T , the magnitude
of fL − fR increases versus T as shown in Fig. 5(a), while
for a given T , the magnitude of fL − fR decreases and its
width increases versus T as shown in Fig. 5(b). Figures 5(c)
and 5(d) show the spin-resolved currents Iσ as functions of
T at different T for configuration I and configuration II,
respectively. For both configurations, Iσ shows roughly linear
behavior versus T because fL − fR is proportional to T
when T  T [18]. Because fL − fR is an odd function,
the sign of Iσ is determined by the slope of the transmission
coefficient Tσ near the Fermi level according to Eq. (1). For
configuration I, I↑ is positive and I↓ is negative at different
T because T↑ increases and T↓ decreases as functions of
energy near the Fermi level. Positive values of Iσ indicate
accordant directions of Iσ and temperature gradient, and vice
versa. For configuration II, I↑ is negative and I↓ is positive at
different T because T↑ decreases and T↓ increases as functions
of energy near the Fermi level, which is opposite to that shown
in configuration I. Figures 5(e) and 5(f) show the spin-resolved
currents Iσ as functions of T at different T for configuration
I and configuration II, respectively. For both configurations, Iσ
increases as a function of T because the width of fL − fR is
broadened around the Fermi level with increase of T , although
its amplitude decreases as shown in Fig. 5(b). In addition, Iσ
is proportional to T , which is accordant with that shown in
Fig. 5(c) and Fig. 5(d). For configuration I, I↑ is positive and I↓
is negative, and therefore Isp is positive, while for configuration
II, Isp is always negative.
More interestingly, pure spin current without charge current
can be obtained by adjusting T , T , and Vg for both
configurations. Figures 6(a) and 6(b) show the thermally
induced currents, including Iσ , Ich, and Isp, as functions of
gate voltage at T = 120 K and T = 5 K for configuration
I and configuration II, respectively. For configuration I, I↑
increases slowly and then decreases rapidly to negative, while
I↓ decreases to negative first and then increases slowly. As a
result, Ich decreases from positive to negative and Isp increases
first and then decreases. Especially, a positive pure spin current
Isp = 4.7 /2e nA without charge current occurs whenVg = 0.
For configuration II, a pure current can also be obtained
when Vg = 3.6 V although its sign is negative. To further
explore how a pure spin current can be achieved by tuning
the knobs, e.g., gate voltage, temperature, and temperature
difference, we scanned T and T under different Vg for both
configurations to obtain the pure spin current. The results are
shown in Fig. 6(c) and Fig. 6(d), where each curve indicates the
appearance of pure spin current with different colors indicating
the magnitude of Isp. For configuration I, pure spin current
195426-5
LI, WANG, XU, WEI, AND WANG PHYSICAL REVIEW B 93, 195426 (2016)
FIG. 5. (a) fL(T ) − fR(T + T ) as a function of μ at finite T and different T . (b) fL(T ) − fR(T + T ) as a function of μ at finite T
and different T . (c) and (d) Iσ as a function of T at different T . (e) and (f) Iσ as a function of T at different T . Panel (c) and panel (e) are
for configuration I with N = 9. Panel (d) and panel (f) are for configuration II with N = 7.
can be achieved from Vg = −0.2 V to 0.2 V at small T
and corresponding T , where T and T show roughly linear
behavior. Considering the nonconsecutive change of Vg in our
first-principles calculation, we predict that pure spin current
can always be achieved in the area framed by T , T , and Vg
as indicated by the parallelogram in Fig. 6(c). For a specific
T in this area, the magnitude of pure spin current increases
versus T accompanied with decrease of Vg , while for a given
T , the magnitude of pure spin current increases versus T
accompanied with decrease of Vg . Similar results can also be
found for configuration II, where pure current can be achieved
under different T , T , and Vg framed by the parallelogram as
shown in Fig. 6(d).
C. Thermopower and thermal conductance
To obtain more information on spin-resolved thermal trans-
port, we calculated thermopower and thermal conductance
of both configurations using Eq. (4) and Eq. (5). Figure 7
shows Sch, Ssp, and κσ as functions of temperature T at
the Fermi level EF = 0. Sch, Ssp, and κσ increase almost
linearly with T for both configurations with different N when
T is less than 150 K. Ssp is negative for configuration I
and positive for configuration II, while Sch is very close to
zero for both configurations. Because Sch = (S↑ + S↓)/2 and
Ssp = S↑ − S↓, the low-temperature behaviors of Sch and Ssp
can be understood by expanding Eq. (4) to the first order of
temperature as follows,
Sσ (μ,T ) = −π
2k2BT
3e
[
∂ln[Gσ (μ)]
∂μ
+ π
2k2BT
2
15Gσ (μ)
∂3Gσ (μ)
∂μ3
]
+ · · · . (8)
Similarly, κσ in Eq. (5) can also be expanded at low
temperature, where
κσ (μ,T ) = π
2k2BT
3e2
Gσ (μ)
{
1 + π
2k2BT
2
15
[
8
Gσ (μ)
∂2Gσ (μ)
∂μ2
− 5
(
∂ln[Gσ (μ)]
∂μ
)2]}
+ · · · . (9)
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FIG. 6. (a) and (b) I↑, I↓, Ich, and Isp as functions of gate voltage with T = 120 K and T = 5 K. (c) and (d) Pure spin current versus T
and T under different gate voltage. The different colors of each curve indicate the magnitudes of pure spin current. Panel (a) and panel (c)
are for configuration I with N = 9. Panel (b) and (d) are for configuration II with N = 7. The unit of Iσ and Ich is nA, and of Isp is /2e nA.
FIG. 7. (a), (b) Sch (red curves), Ssp (blue curves) and (c), (d) κ↑ (red curves) and κ↓ (blue curves) as functions of T at μ = 0 for N = 7
(solid curves), N = 9 (dashed curves), N = 11 (dotted curves), and N = 13 (dash-dotted curves). Panel (a) and panel (c) are for configuration
I, and panel (b) and panel (d) are for configuration II.
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FIG. 8. (a), (b) Thermopower and (c), (d) thermal conductance as functions of gate voltage at T = 20 K. Panels (a) and (c) are for
configuration I with N = 7, 9, 11, 13. Panels (b) and (d) are for configuration II with N = 7, 9, 11, 13. In panels (a) and (b), the solid symbol
curves indicate Sch, while the open symbol curves indicate Ssp. In panels (c) and (d), the solid symbol curves indicate κ↑, while the open symbol
curves indicate κ↓.
Obviously, Sσ and κσ are proportional to the first order
of temperature when T is small and the sign of Sσ is
determined by ∂G/∂μ at chemical potential μ. For config-
uration I, ∂G↑(EF )/∂μ is positive as shown in Fig. 2(a) and
∂G↓(EF )/∂μ is negative as shown in Fig. 2(b); therefore S↑
is negative and S↓ is positive. As a result, Sch is roughly
canceled to zero and Ssp is negative as shown in Fig. 7(a).
For configuration II, ∂G↑(EF )/∂μ is negative as shown in
Fig. 2(c) and ∂G↓(EF )/∂μ is positive as shown in Fig. 2(d);
therefore S↑ is positive and S↓ is negative. Consequently,
Sch is very small and Ssp is positive as shown in Fig. 7(b).
The linear relationship of thermopower versus temperature
has been measured by experiment in graphene systems [14].
In addition, κσ is linearly proportional to Gσ according to
Eq. (9), so κ↑ is a little smaller than κ↓ for configuration I
because G↑ is a little smaller than G↓, while for configuration
II, κ↑ is a little larger than κ↓ because G↑ is a little larger
than G↓.
Figures 8(a) and 8(b) show the spin-resolved thermopower
as functions of gate voltage at T = 20 K for configuration I
and configuration II, respectively. Obviously, the gate voltage
can effectively tune the magnitude and even the sign of
thermopower. Configuration I and configuration II exhibit
roughly opposite tendency of Ssp as a function of gate voltage
which means opposite flowing directions of spin-polarized
currents in the two structures. For both configurations, κσ
increases first and then decreases as a function of gate voltage
as shown in Fig. 8(c) and Fig. 8(d), which display the same
behavior of Gσ as shown in Fig. 3(c) and Fig. 3(d). This is
reasonable because κσ is proportional to Gσ at low temperature
as given by Eq. (9).
To improve the performance of the thermoelectric effect
which is described by the figure of merit, small conductance,
small thermal conductance, and large thermopower are essen-
tial according to Eq. (7). Although Sch and Ssp can be adjusted
by gate voltage as shown in Fig. 8, it is not enough to obtain
a favorable Zch(sp)T at the Fermi level. By changing chemical
potential μ and Vg , we found that the magnitude of Zch(sp)T
can be largely increased in the energy region from −0.25 eV to
−0.2 eV and from 0.2 eV to 0.25 eV, where spin-resolved edge
states of ZGNRs exist. Figure 9(a) shows T↓ versus energy
under different gate voltages for configuration I with N = 13.
With increase of gate voltage from 0 V to 8 V, the renormalized
spin-down LUMO state of the reconfigured polyacetylene
chain is pushed far away from the spin-down edge state of
ZGNRs. As a result, an antiresonance dip of T↓ appears when
Vg = 4 V. With further increasing of gate voltage, a gap of
T↓ appears near E = 0.23 eV. This gap also depends on the
length of the polyacetylene chain. For a given gate voltage,
the longer the polyacetylene chain, the larger is the gap as
shown in Fig. 9(b). Large Zch(sp)T can be obtained at the
boundary of the transmission gap due to small conductance,
small thermal conductance, and rapid change of conductance.
Figures 9(c) and 9(d) show Ssp and ZspT , respectively, versus
chemical potential μ for configuration I with T = 20 K and
N = 7, 9, 11, 13. Ssp and ZspT increase with the length of
the polyacetylene chain accompanied by slight shift of peak
values. For configuration I with N = 13, the maximum value
of Ssp can reach ∼300 μV/K and the figure of merit ZspT
can reach ∼1.6. Large Ssp and ZspT can also be achieved in
the energy range from −0.25 eV to −0.2 eV with negative
gate voltage (not shown in figures). This indicates that the
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FIG. 9. (a) T↓ as a function of energy under different gate voltage Vg for configuration I with N = 13. (b) T↓ as a function of energy under
Vg = 8 V for configuration I with different N . (c) Ssp and (d) ZspT as functions of chemical potential μ under Vg = 8 V and T = 20 K for
configuration I with different N .
ZGNR-polyacetylene-ZGNR junctions can work as good spin
thermoelectric devices.
Finally, we emphasize that the calculated ZspT in Fig. 9
is only contributed by electrons, while the contribution from
phonons is not included. This treatment is reasonable at low
temperature. Theoretically, the figure of merit is determined
by both thermal conductance of electrons κel and thermal
conductance of phonons κph, where κ = κel + κph. However,
it has been indicated theoretically by Rameshti et al. [18]
and experimentally by Zuev et al. [14] that κph is very small
and can be ignored in graphene when temperature is lower
than 20 K. In addition, the linear relationship of thermopower
versus temperature was measured experimentally, which also
suggests that phonon components to thermoelectric behavior
in graphene can be neglected due to weak electron-phonon
coupling [14].
IV. CONCLUSIONS
In summary, we have investigated spin-resolved electric
and thermoelectric transport behaviors in two kinds of ZGNR-
polyacetylene-ZGNR magnetic molecular junctions by first-
principles calculations. For the configuration I, thermally
induced spin-up current is positive and spin-down current
is negative, while for the configuration II, the situation is
reversed. The opposite behaviors of Iσ are mostly determined
by the renormalized HOMO levels of polyacetylene chains
under different connecting formations in both configurations.
By adjusting the temperature gradient between two leads
and the gate voltage applied in the molecular region, a
pure spin current without charge current can be obtained,
which is found in all the molecular junctions with different
lengths. The direction of pure spin current in configuration I is
opposite to that in configuration II at the same temperature
gradient. At low temperatures, thermopower and thermal
conductance show roughly linear behaviors as functions of
temperature at the Fermi level. For configuration I, spin-
up thermopower is negative and spin-down thermopower is
positive, while for configuration II, spin-up thermopower is
positive and spin-down thermopower is negative. At specific
energy, thermopower can be largely increased by adjusting the
gate voltage, and furthermore a huge figure of merit ZspT can
be obtained. Both kinds of graphene-based molecular magnetic
junctions are good candidates of spin thermoelectric devices.
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